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on the sea floor. This is corroborated by δ18O values of 3.0 
and 3.6 ‰ in antigorite from surrounding serpentinites. In 
metasomatized eclogites within the lower shear zone, gar-
net rim formed at the metamorphic peak shows a shift to 
higher δ18O up to 6 ‰. The age of zircons in high-pressure 
veins and metasomatized eclogites constrains the timing of 
fluid flow at high pressure at around 45–46 Ma. Although 
the oxygen data do not contradict previous reports of inter-
action with serpentinite-derived fluids, the shift to isotopi-
cally heavier oxygen compositions requires contribution 
from sediment-derived fluids. The scarcity of metasedi-
ments in the Monviso sequence suggests that such fluids 
were concentrated and fluxed along the lower shear zone 
in a sufficient amount to modify the oxygen composition of 
the eclogitic minerals.

Keywords  Oxygen isotopes · Subduction · Garnet · 
Zircon · Shear zone · Ophiolite · Ion microprobe

Introduction

Subduction of oceanic and continental crust is one of the 
most efficient processes for element exchanges between a 
crust enriched in incompatible elements and the surround-
ing mantle. Although melting eventually occurs at ultra-
high-pressure conditions (Hermann et al. 2013), significant 
subduction metamorphism occurs at sub-solidus condi-
tions, where free fluids serve as catalysts to reactions, and 
for the dissolution of phases, redistribution of elements and 
advection of heat (Yardley 2009; Jamtveit and Austrheim 
2010). Metamorphic fluids are generally aqueous, highly 
mobile and buoyant so that they rapidly escape the system 
with which they have reacted. However, fluids may leave 
behind distinctive geochemical signatures and, in the best 
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chemical exchanges between different rock types in the 
subduction system. Constraints on the sources and path-
ways of subduction fluids thus provide crucial information 
to reconstruct subduction processes. The Monviso ophi-
olitic sequence is composed of mafic, ultramafic and minor 
sediments that have been subducted to ~80  km depth. In 
this sequence, both localized fluid flow and channelized 
fluids along major shear zones have been documented. We 
investigate the timing and source of the fluids that affected 
the dominant mafic rocks using microscale U–Pb dating of 
zircon and oxygen isotope analysis of mineral zones (gar-
net, zircon and antigorite) in high-pressure rocks with vari-
able degree of metasomatic modification. In mafic eclog-
ites, Jurassic zircon cores are the only mineralogical relicts 
of the protolith gabbros and retain δ18O values of 4.5–6 ‰, 
typical of mantle melts. Garnet and metamorphic zircon 
that grew during prograde to peak metamorphism display 
low δ18O values between 0.2 and 3.8 ‰, which are likely 
inherited from high-temperature alteration of the protolith 
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cases, fluid inclusions in minerals. Most commonly the 
traces of escaped fluids are subtle, but when the chemis-
try of the system is drastically changed by the metamorphic 
fluids, the term metasomatism applies (see a review of the 
topic in Harlov and Austrheim 2013).

The geochemical and isotopic signatures preserved 
within minerals can assist in reconstructing the passage of 
fluids and the exchanges between different layers of the 
subducting slab. Elements that are relatively water soluble 
and that also enter common minerals are naturally targeted 
as fluid tracers (e.g. F, Cl, B, Li and LREE—La to Sm). 
Oxygen, as the major constituent of aqueous solutions and 
minerals, is another obvious tracer for fluids, specifically 
its isotopic composition, which changes according to tem-
perature, fluid sources and minerals involved (Hoefs 2004). 
In metamorphic systems, different stages of the rock evo-
lution are commonly recorded by distinct mineral zones. 
Such intracrystalline oxygen isotopes variations are best 
measured by ion microprobe (Eiler et  al. 1995; Vielzeuf 
et al. 2005; Ayers et al. 2006; Page et al. 2010; Martin et al. 
2011, 2014; Raimondo et al. 2012; Errico et al. 2013; Rus-
sell et al. 2013; Page et al. 2014).

Two main features make the use of oxygen isotopes in 
subducted rocks particularly effective. Firstly, the rela-
tively low temperature and fast exhumation of rock units 
is fundamental in preserving microscale chemical and 
isotopic heterogeneities from diffusional re-equilibration. 
Secondly, the subducting slab contains a variety of rock 
types, each with distinct isotopic signatures from meta-
sediments (δ18O  =  8–26  ‰, Bebout and Barton 1989; 
Miller et  al. 2001), to pristine or altered basalts (5.5–
15 ‰, Cartwright and Barnicoat 1999; Miller and Cart-
wright 2000; Miller et  al. 2001), to serpentinites (3.5–
12 ‰, Gregory and Taylor 1981; Früh-Green et al. 2001). 
Significant exchanges of aqueous fluids between rocks 
types are expected to modify the δ18O of the rock. Con-
ventional studies of exhumed high-pressure terranes have 
used bulk oxygen isotope analysis to reconstruct a pic-
ture of the average composition of subducted rocks (e.g. 
Bebout and Barton 1989; Nadeau et  al. 1993; Philippot 
1993; Cartwright and Barnicoat 1999; Miller and Cart-
wright 2000; Miller et al. 2001). Such studies document 
a limited effect that subduction-related metamorphism 
has on δ18O, but have also identified large- and small-
scale fluid exchanges and metasomatism that can signifi-
cantly shift the bulk δ18O of subducted rocks. Microscale 
studies have the additional capacity to look at stages of 
hydration and incipient fluid alteration that are preserved 
in distinct mineral zones (Martin et al. 2014; Page et al. 
2014), and distinguish between subduction and exhu-
mation stages or even pre-subduction alteration at the 
ocean floor. They also shed light on the open question of 
whether fluids can circulate at a regional scale through 

interstitial percolation or if they move along discontinui-
ties and fluid channels.

We apply a microanalytical approach (mineral compo-
sition, oxygen isotopes and age) to target distinct mineral 
zones that record individual stages of metamorphism and 
metasomatism in the well-studied sequence of the Mon-
viso ophiolite. This exhumed oceanic sequence underwent 
subduction to ~2.7 GPa and has attracted attention for 
the well-preserved stratigraphy and variety of rock types 
involved (Lombardo et al. 1978; Angiboust et al. 2011) and 
for the evidence of fluid circulation at both the local and 
regional scale (Nadeau et al. 1993; Philippot 1993; Rubatto 
and Hermann 2003; Spandler et al. 2011; Angiboust et al. 
2014). Therefore, we target a vein formed by local fluid 
circulation at high pressure as well as mylonitic eclogites 
within a large-scale shear zone. Importantly, we aim to 
reconstruct the P–T–time–fluids path for this sequence by 
targeting multiple minerals. Zircon has been investigated 
because it can provide time constraints on both protolith 
formation and Alpine metamorphism (Rubatto and Her-
mann 2003), but also because it is the only mineralogical 
relict of the oceanic stage. Garnet in these eclogites grows 
throughout the prograde and peak metamorphism and pre-
serves spectacular zoning of this evolution (Angiboust 
et al. 2011). Antigorite is analysed for oxygen isotopes to 
investigate whether serpentinites are the source of fluids 
during high-pressure metamorphism (Spandler et al. 2011; 
Angiboust et al. 2014).

Geological background

The Monviso Lago Superiore Unit, located in the Western 
Alps (Italy), constitutes an exhumed 15-km long, continu-
ous section of the Tethyan slow-spreading ocean seafloor 
that reached the lawsonite-eclogite facies field during 
Alpine subduction (~80  km depth, Groppo and Castelli 
2010) around 45  Ma ago (Rubatto and Hermann 2003). 
The Lago Superiore Unit is crosscut by two major, km-
scale eclogite-facies shear zones, respectively, localized at 
the boundary between metabasalts and metagabbros (ISZ: 
intermediate shear zone) and between metagabbros and 
underlying serpentinites (LSZ: lower shear zone; Fig. 1a). 
The top of the thick Mg–Al metagabbro body is capped by 
a 20–30-m-thick layer of fine-grained mylonitic Fe–Ti met-
agabbros hosting eclogite-facies crack-seal veins (Philip-
pot 1993) which yielded a U–Pb zircon age of 45 ± 1 Ma 
(Rubatto and Hermann 2003). Identical mylonitized Fe–Ti 
metagabbro fragments are also found in the LSZ, embed-
ded as centimetre-sized to 15-m rounded blocks wrapped 
by talcschists, chloriteschists and serpentinites (Fig.  1b; 
Angiboust et  al. 2011). LSZ tectonic blocks can be fol-
lowed continuously for more than 10  km along-strike, 
highlighting the regional importance of the LSZ as a 
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major tectonic feature at the massif scale. Some of these 
blocks exhibit eclogite-facies breccia textures, interpreted 
as relicts of an ancient fault zone (Angiboust et al. 2012a). 
Most of these blocks, including eclogite breccias, exhibit 
a strongly heterogeneous metasomatic overprint as testified 
by the formation of chlorite, lawsonite, phengite and talc-
bearing eclogites. Typical Lago Superiore textures, show-
ing eclogite-facies veins cutting through a fine-grained 

mylonitic foliation (Philippot 1993; Rubatto and Hermann 
2003), have been also observed within LSZ block cores. 
Partial metasomatic overprinting of ISZ samples by meta-
morphic fluids indicates that veining along the ISZ took 
place before metasomatic replacement. Constraining the 
age of this metasomatic overprint is therefore critical to 
evaluate the duration of deformation and fluid-rock pro-
cesses in this deep subduction environment.
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Fig. 1   a Geological map and cross section of the Monviso ophi-
olite showing the structure of the Lago Superiore unit and the loca-
tion of studied eclogite-facies shear zones and investigated samples. 
The inset shows the location of the Monviso ophiolite in the Western 
Alps, along the French-Italian border. b Outcrop view of the con-
tact between a metasomatized block from the LSZ (locality LSZ44) 

and the surrounding ultramafic material (mainly serpentinite and 
talcschists). The inset shows a close-up view of a remarkably well-
preserved metasomatized eclogite containing pseudomorphs after Cr-
rich lawsonite. The block core exhibits an eclogite-breccia structure 
and contains decimetre-sized clasts of mylonitized Fe–Ti metagab-
bros (see description in Angiboust et al. 2012a)
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Sample descriptions

All the samples investigated here were used in previous 
studies, and thus their description is kept brief. Full assem-
blages are given in Table  1. Most samples are eclogites 
that are derived from Fe–Ti metagabbros (abundant rutile 
present) and which display different degrees of hydration 
and metasomatism. The samples are from two tectonic set-
tings: the intermediate shear zone and the lower shear zone 
of Angiboust et  al. (2011). Angiboust et  al. (2011, 2014) 
concluded on the basis of petrological and geochemical 
evidence that the samples from the LSZ are the product of 
hydration and metasomatism of the Fe–Ti metagabbro sim-
ilar to those within the ISZ.

Eclogitic metagabbro MVE5 and crosscutting vein 
MVV4 were collected in the Lago Superiore Unit (Lom-
bardo et  al. 1978; Angiboust et  al. 2011), south of the 
homonyms lake and within the ISZ. Both samples were 
previously investigated by Rubatto and Hermann (2003) for 
mineral trace element composition and zircon U–Pb geo-
chronology. Similar samples were also studied by Spandler 
et  al. (2011) for trace elements. The eclogite preserves 
a fresh eclogitic assemblage (Omp and Grt with minor 
Qtz, Rt, Gln, Phg) and a foliated texture. The crosscutting 
vein is 40  cm thick and has a spectacular, coarse eclog-
itic assemblage (Omp, Grt with minor Tlc, Rt). Mylonitic 
eclogite ISZ-17 is similar in assemblage and location to 
sample MVE5, but has a stronger mylonitic foliation and 
also contains rare pseudomorphs after lawsonite (primarily 

aggregates of epidote and paragonite). The sample was pre-
viously described in Angiboust et al. (2011, 2012b, 2014).

Eclogites LSZ44 and LSZ23 are two typical lithologies 
encountered along the LSZ and were previously described 
by Angiboust et al. (2011, 2012b, 2014). LSZ44 is a mylo-
nitic eclogite with abundant Cr-bearing pseudomorphs 
after lawsonite associated (Fig.  1b) with a typical eclog-
itic assemblage (Omp, Grt and minor Rt and Tlc). Acces-
sory zircon and apatite are particularly abundant and large 
in size. Mass balance calculations have shown that sample 
LSZ44 contains on average 20 times more zirconium than 
the Fe–Ti metagabbroic protolith it derives from, suggest-
ing mobility of Zr and enrichment in metamorphic fluids 
during the metasomatic event (Rubatto and Hermann 2003; 
Angiboust et al. 2014). Sample LSZ23 is characterized by 
the presence of Mg-chlorite (5 % in volume) in equilibrium 
with garnet and omphacite.

Two serpentinites for oxygen isotope analysis were col-
lected within the Lago Superiore Unit: sample VSZ1401 
within the LSZ and sample MV1427 from the serpentinized 
peridotite unit below the LSZ. Both samples, representative 
of the bulk of Lago Superiore Unit serpentinite sole, con-
tain antigorite, magnetite and minor amounts of chlorite.

Methods

Zircons were analysed as grain separates, whereas gar-
net and antigorite were analysed directly in thin section 

Table 1   Summary of sample assemblage and results

Lws, pseudomorphs after lawsonite that primarily consist of epidote and paragonite in variable proportions
a  Sample previous described in Angiboust et al. (A et al.) (2011, 2012a, b, 2014) and Rubatto and Hermann (R&H) (2003)
b  Mineral abbreviations according to Whitney and Evans (2010)

Sample Rock type Location and refer-
encea

Eclogitic paragen-
esisb

Zircon age Zircon oxygen Garnet and Antigor-
ite oxygen

ISZ17 Mylonitic Fe–Ti 
metagabbro

ISZ
A et al. (2011, 

2012)

Omp, Grt, Rt, Qz, 
Gln, Phg, (Lws), 
Py, Zrn

– – Grt: Cores 2.6–3.8 ‰
Rims 2.0–3.2 ‰

MVE5 Fe–Ti metagabbro ISZ
R&H (2003)

Omp, Grt, Rt, Qz, 
Gln, Phg, Py, Zrn

Cores 163 ± 2 Ma 
(1)

Cores 4.3–6.1 ‰
Altered cores 

2.9–4.5 ‰

Grt: 2.3–3.1 ‰

MVV4 Vein crosscutting 
MVE-5

ISZ
R&H (2003)

Omp, Grt, Tlc, Rt, 
Zrn, Ap

46 ± 1 Ma (1) 1.6–3.6 ‰ Grt: 2.0–3.0 ‰

LSZ44 Metasomatized Fe–
Ti metagabbro

LSZ
A et al. (2011, 

2014)

Omp, Grt, Rt, 
(Lws), Tlc, Py, 
Ap, Zrn,

Cores 163–73 Ma
Rims 

45.8 ± 0.7 Ma

Cores 4.6–5.7 ‰
Rims 1.9–3.8 ‰

LSZ23 Metasomatized Fe–
Ti metagabbro

LSZ
A et al. (2011, 

2014)

Omp, Grt, Mg-Chl, 
Rt, Py

Yield no zircon Grt: Cores 0.2–2.0 ‰
Rims 3.5–6.0 ‰

VSZ1401 Serpentinite LSZ Atg, Mag, Chl – – Atg: 2.95 ± 0.25 ‰

MV1427 Serpentinite Serpentinite unit 
below LSZ

Atg, Mag, Chl – – Atg: 3.6 ± 0.2 ‰
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or polished rock chip. Zircon grains were separated after 
rock crushing using conventional heavy liquid and a Frantz 
magnetic separator. The grains were handpicked, mounted 
in epoxy resin together with the standard and polished 
down to expose the near equatorial section. Thin section 
cuts exposing garnet crystals and rock chips containing 
antigorite were also mounted in epoxy together with a pol-
ished standard block.

Cathodoluminescence (CL) and back-scattered electron 
(BSE) investigation for zircon and garnet, respectively, 
was carried out on a JEOL JSM-6610A scanning electron 
microscope (SEM) supplied with an ellipsoidal mirror for 
CL at the Research School of Earth Sciences (RSES), Aus-
tralian National University. Operating conditions for the 
SEM were 15 kV, a load current of 65–75 μA and a 10–12-
mm working distance.

U–Pb and oxygen isotope analyses were obtained with 
the sensitive high-resolution ion microprobes (SHRIMP 
II and SHRIMP SI) at the ANU in Canberra. Instrumen-
tal conditions and data acquisition for U–Pb (SHRIMP 
II instrument) were generally as described by Williams 
(1998). The data were collected in sets of six scans 
throughout the masses, and the TEM reference zircon 
(Temora granodiorite, Black et  al. 2003) was analysed 
each fourth analysis. The fraction of non-radiogenic 
206Pb (f206) was calculated from the measured 207Pb/206Pb 
(7/6Rm) and the non-radiogenic 207Pb/206Pb (7Rc) accord-
ing to Williams (1998), i.e. f206  =  (7/6Rm  −  7/6R*)/
(7/6Rc  −  7/6R*), where 7/6R* is the expected radiogenic 
207Pb/206Pb assuming concordance at the approximate age 
of the sample. The 7Rc composition was assumed to be 
that predicted by Stacey and Kramers (1975). The result-
ing f206 varies between 0 and 14 %, mostly below 2.5 %, 
with the highest values for the Eocene domains. Data 
evaluation and age calculation were done using the soft-
ware Squid 1 and Isoplot/Ex (Ludwig 2003), respectively. 
U–Pb data were collected in analytical sessions with a 
calibration error of 1.7  % (2 sigma), which was propa-
gated to single analyses. Average ages are quoted at 95 % 
confidence level (c.l.).

Oxygen isotope analyses of zircon (SHRIMP II and 
SHRIMP SI) followed the protocols detailed in Ickert et al. 
(2008) and used Temora zircon (Black et al. 2003) as refer-
ence material. For garnet, the analysis protocol is detailed 
in Martin et al. (2014) and UWG2 garnet (δ18O = 5.8 ‰, 
Valley et  al. 1995) was the primary standard. An off-line 
matrix bias correction for the grossular and spessartine 
component of garnet was applied following the equation 
given in Martin et al. (2014). The resulting matrix bias cor-
rection for individual analyses is typically between 0.5 and 
1 ‰. The garnet composition for each SHRIMP spot was 
based on EDS analyses with the JEOL JSM 6610-A scan-
ning electron microscope.

Oxygen isotope analysis of serpentine (SHRIMP SI) 
followed a similar protocol to garnet and zircon with 
details reported in Scicchitano et al. (in preparation). Anti-
gorite from a serpentinite from the Almirez high-pressure 
sequence (Padrón-Navarta et al. 2011) was used as a stand-
ard with a reference δ18O value of 8.30 ± 0.06 ‰ (M. Scic-
chitano personal communication). Our data indicate that 
there is no significant orientation effect in ion microprobe 
analysis of antigorite, nor a matrix effect due to antigor-
ite composition within the compositional range of natural 
serpentine.

Errors on individual oxygen analyses are typically 0.05–
0.1 ‰, 1σ, but in the case of garnet the uncertainty from 
the matrix correction (± 0.25 ‰, 1σ, Martin et al. 2014) is 
added in quadratic. Average values are presented for most 
samples and in the cases where data are scattered above 
analytical uncertainty, the uncertainty is given as standard 
deviation and not as standard error.

Results

Zircon U–Pb geochronology

For the lower shear zone, zircon crystals were separated 
from mylonitic eclogite LSZ44, which has a high Zr con-
tent of 1014  ppm (Angiboust et  al. 2014). Zircons could 
not be recovered from sample LSZ23, nor a similar chlo-
rite-bearing eclogite. Zircons from the samples MVE5 and 
MVV4 were previously dated by Rubatto and Hermann 
(2003) and are representative of the intermediate shear 
zone samples. That study demonstrated that Alpine zir-
con in sample MVV4 formed at eclogite-facies conditions 
according to inclusions of rutile and REE patterns with a 
typical eclogitic signature.

Zircon crystals in eclogite LSZ44 consist of core and rim 
that differ in CL zoning and age (Fig. 2). The zircon cores 
commonly preserve euhedral shape and have a weak oscil-
latory zoning with superimposed sectors or fir-tree zoning. 
Such cores are similar to magmatic zircons from sample 
MVE5 (Rubatto and Hermann 2003). U–Pb analyses of zir-
con cores returned scattered dates between 164 and 73 Ma 
with no significant age cluster (Online Resource Table 1). 
However, it is significant that the oldest dates measured 
coincide with the age of the magmatic cores in eclogite 
MVE5 (163 ± 2 Ma, Rubatto and Hermann 2003). Some 
of the dates have relatively large errors as the analysed 
cores are low in U (down to 1–59 ppm) and thus radiogenic 
Pb. Th/U of 0.2–0.5 is typical of magmatic zircons.

Thin rims (a few to 30 µm thick) are present on most zir-
con cores and have dark CL that shows no or faint zoning. 
Rims can also be euhedral in shape. The rims are only mar-
ginally richer in U (10–132 ppm) than the cores and very 
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poor in Th (0.1–4 ppm) with Th/U in the range 0.005–0.1. 
U–Pb analyses define an intercept age of 45.8 ±  0.7  Ma 
(MSWD = 1.3, N = 22) with the exclusion of one appar-
ently younger rim.

Zircon oxygen isotopes

The oxygen isotope composition of zircons was analysed 
for two samples from the intermediate shear zone (met-
agabbro MVE5 and vein MVV4) and one sample from 
the lower shear zone (eclogite LSZ44). Magmatic zir-
con cores from both localities have δ18O values mostly 
between 4.5 and 6 ‰ (Fig. 3; Online Resource Table 2). 
Zircon cores in eclogite MVE5, which show signs of 

alteration in their CL zoning and yield younger ages 
(~135 to 110  Ma), systematically returned lower δ18O 
values of 2.9–4.5  ‰ with respect to the pristine mag-
matic cores. Zircon cores with oscillatory/sector zoning 
in eclogite LSZ44 yield δ18O values around 5  ‰, even 
though the ages of these domains have a significant scat-
ter from 164 to 84 Ma.

Zircon domains that yield Alpine ages, both in eclog-
itic vein MVV4 and in eclogite LSZ44, have, with a few 
exceptions, distinctly lower δ18O values from 1.6 to 3.8 ‰. 
Most analyses form a cluster with an overall average value 
of 2.6 ± 0.2 ‰ (SE at 95 % c.l., N = 27). Two Alpine rims 
from sample LSZ44 yield higher δ18O values around 6 ‰ 
that are similar to the core values.

Fig. 2   LSZ44 eclogite zircon 
geochronology. Tera–Was-
serburg plot (left) for uncor-
rected U–Pb analyses of zircon 
rims. Ellipses represent 2 sigma 
uncertainties. CL images of 
representative zircon crystals 
(right) with indicated the loca-
tion of the SHRIMP analysis 
(circle) and corresponding age 
in Ma ± 1 sigma uncertainty
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Garnet oxygen isotopes

Garnet was analysed for oxygen isotopes in four samples 
(Figs. 4, 5, 6, 7; Online Resource Figs. 1–3 and Tables 3, 
4, 5) from the intermediate shear zone eclogites (ISZ17, 
MVE5), a metamorphic vein (MVV4) and the lower shear 
zone eclogite (LSZ23). The samples include rock types 
that were affected by local fluid circulation as proposed by 
Philippot (1993) and Rubatto and Hermann (2003) (MVE5 
and MVV4), and the large-scale structures and fluid chan-
nels investigated by Angiboust et al. (2011, 2012b, 2014), 
here represented by sample ISZ17 and LSZ23. Rutile is a 
common inclusion in the investigated garnet grains from all 
samples.   

Garnet in eclogite MVE5 shows limited zoning (Fig. 4) 
with patchy core areas richer in Ca and poorer in Mg (Prp6–9,  
Grs23–25, Sps1.2–1.5, Alm67–68 in mole %) with respect to the 

rims (Prp15–20, Grs12–14, Sps1.3–2.3, Alm64–69). The oxygen 
composition is similar in both domains with δ18O values 
between 2.3 and 3.1 ‰ (average 2.8 ± 0.2 ‰, SE at 95 % 
c.l., N = 11; Fig. 5a, e). Garnet from vein sample MVV4 
has much higher Mg contents (Prp27–38, Grs12–16, Sps0.5–1.4, 
Alm49–59) than garnet in the nearby eclogites. BSE images 
(see also Online Resource Fig. 1) reveal a thin (< 100 µm 
across) bright zone along the grain margin and fractures, 
which corresponds to a slightly higher Mg and Mn con-
tent (Sps0.8–1.4) and possibly increased Y + REE. Despite 
the different chemical composition, the δ18O of garnet in 
MVV4 is similar to that of the surrounding eclogite with 
values of 2.0–3.0 ‰ (average 2.4 ± 0.2 ‰, SE at 95 % c.l., 
N = 12) with no significant difference between the Mn-rich 
rims and the rest of the crystal (Figs. 5e, 7).

Garnet in eclogite ISZ17 is zoned (Figs. 4, 5, 7; Online 
Resource Fig. 2) with partly resorbed cores that are poorer 
in Mg and Mn and richer in Ca (Prp3–9, Grs24–34, Sps0.2–1.0,  
Alm61–68) than the rims (Prp17–22, Grs11–16, Sps1.4–3.0, 
Alm62–68), with equal almandine component (see also Angi-
boust et  al. 2011). Chemical zoning between garnet core 
and rim correspond to a small difference in isotopic compo-
sition: cores = 2.6–3.8 ‰ (one analysis yielded 4.3 ‰) and 
rims = 2.0–3.2 ‰ (Fig. 5f). When the average rim and core 
δ18O values are considered for single grains, the core–rim 
difference varies between 0 and 1 ‰ (Fig. 5g). The over-
all average for garnet core analyses is 3.3 ± 0.8 ‰, 2 SD, 
N = 24, whereas the rims are 2.8 ± 0.6 ‰, 2 SD, N = 24. 
The core and rim δ18O values overlap with the oxygen 
composition of garnet in eclogite MVE5 and vein MVV4.

The eclogite sample from the lower shear zone (LSZ23) 
has a different garnet composition in both major ele-
ments and oxygen isotopes (Figs.  4, 6, 7). Garnet grains 
are spectacularly zoned as already reported in Angiboust 
et al. (2011, 2014). Three main zones can be distinguished 
(Figs. 4, 6a–d): BSE-bright cores that are Mg and Mn poor, 
Fe and Ca rich (Prp5–10, Grs21–26, Sps0.5–2.4, Alm65–71), (2) 
an inner rim with increased Mg and Mn (Prp20–27, Grs18–20, 
Sps3–5, Alm51–56) and (3) an outer rim that is particularly 
BSE-dark and is compositionally close to the inner rim, 
but slightly lower in Mg, Fe and Mn (Prp25–31, Grs17–20, 
Sps2.4–3.3, Alm49–50). The boundary between the core and 
the inner rim is at times gradual with a 20–30-µm irregu-
lar mantle zone. The garnet core is crossed by a network 
of alteration zones, commonly along fractures and inclu-
sions. This altered core has a quite variable composition 
with high spessartine content between 7 and 26  mole  % 
(Prp10, Grs25–38, Sps7–26, Alm35–60; Fig.  4). While the 
LSZ23 BSE-bright garnet cores are compositionally close 
to ISZ17 garnet core, their oxygen isotopic composition 
is markedly different from the other samples (Fig.  7). 
LSZ23 cores have very low δ18O values (0.2–2.0 ‰, aver-
age 1.4 ±  1.2 ‰, 2 SD, N =  47). Rims have an heavier 
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oxygen isotope composition that is only partly overlap-
ping with the other samples (δ18O of 3.5–6.0 ‰, average 
4.7 ± 1.0 ‰, 2 SD, N = 53) and with little or no differ-
ence between inner and outer rims. Although there is some 
scatter in the data within single garnet crystals (see an 
example in Fig. 6e), the average core and rim δ18O com-
positions in each LSZ23 garnet crystal differ by 3.3–3.7 ‰ 
(Fig. 6f).

Serpentine oxygen isotopes

Antigorite was analysed from a mylonitic serpentinite 
within the LSZ (VSZ1401) and a serpentinite from the unit 
below the LSZ (MV1427). The sample contains antigorite 
intimately associated with fine-grained magnetite. Oxy-
gen analyses across different crystals of antigorite returned 
identical results within sample, with some additional 
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scatter in serpentinite VSZ1401. The average δ18O values 
in the two samples, with the exclusion of one analysis for 
VSZ1401, are 2.95 ± 0.25 and 3.6 ± 0.2 ‰, respectively 
(Fig. 8).

Oxygen isotopic variations and P–T–time evolution

In order to reconstruct a detailed P–T–time–fluids his-
tory for the Monviso Lago Superiore Unit (Fig.  9), it is 

Fig. 7   Garnet δ18O results 
plotted against garnet com-
position expressed in mole % 
of a pyrope, b almandine, c 
grossular and d spessartine. 
Grey arrows in a indicate the 
shift from garnet core to rim 
in samples ISZ17 and LSZ23. 
Uncertainties on single analyses 
are not plotted for clarity and 
are typically ± 0.3 ‰, 2 sigma, 
including the error from the 
matrix correction
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necessary to combine the age obtained from zircon, the 
δ18O signatures for the different zircon and garnet zones 
and the P–T determinations previously published for these 
and other samples from Monviso Lago Superiore Unit. 
The history of the Lago Superiore unit is particularly well 
recorded in the oxygen isotope zoning of the investigated 
minerals. In reconstructing the history of the unit, we must 
consider that any variation in mineral δ18O can be due to 
three major causes: (1) variation in temperature of equili-
bration between minerals (from the ~1200 °C of the gab-
broic magma to the 550 °C of the eclogite); (2) changes in 
mineral assemblage and mineral mode during metamor-
phism (from protolith gabbro to eclogite); and/or (3) inter-
action with external fluids.

The combination of the petrological and isotopic data 
allows us to distinguish two major stages of metasomatism: 
a shallow oceanic stage and a high-pressure subduction 
stage.

Protolith

In these samples, magmatic zircon is the only mineral relict 
from the protolith gabbro. Such zircon relicts are present 
in sample MVE5 and LSZ44 from the intermediate and 
lower shear zone, respectively. The age of the most pris-
tine zircon core is identical in the two samples: precisely 
dated at 163 ± 2 Ma in eclogite MVE5 (Rubatto and Her-
mann 2003) and up to 163  Ma in a few zircon cores in 

mylonitic eclogite LSZ44. The scatter in zircon core ages 
in sample LSZ44 is likely due to disturbance of the U–Pb 
system during Alpine mylonitization and high-pressure 
metamorphism/metasomatism. This later overprint is also 
reflected in the modified oxygen isotope compositions of 
the altered zircon cores (Fig. 3). Jurassic ages are common 
for ophiolitic gabbros in the Western Alps (Manatschal and 
Müntener 2009). The δ18O of the Jurassic zircons in the 
Monviso samples is 4.5–6.0 ‰, within the expected com-
positional range for zircons in equilibrium with the mantle 
(5.3 ± 0.3 ‰, Valley et al. 1998) and in line with gabbro 
protoliths within an ophiolitic sequence.

Oceanic metasomatism

Ocean floor metasomatism on the protolith of the eclogites 
can be inferred from the composition of the metamorphic 
minerals, which inevitably inherited the oceanic oxygen 
isotope composition. The Alpine zircon in vein MVV4 or 
rims in LSZ44 have a markedly different oxygen isotopic 
composition than the Jurassic zircon cores. Metamorphism 
of an oceanic gabbro in a closed system could not possibly 
shift the zircon oxygen isotopes of −2.5 ‰. This can be 
demonstrated with a simple model. The approximate min-
eral modes of the gabbro protolith can be back calculated 
from the bulk-rock composition of sample MVE5 given in 
Rubatto and Hermann (50 % anorthite, 41 % diopside, 9 % 
ilmenite, 0.1 % zircon); the temperature is assumed to be 
1200 °C for gabbro crystallization. From an average zircon 
value of 5.3 ‰, the corresponding bulk δ18O is 5.7 ‰. If 
the δ18O bulk rock is kept constant (i.e. no external fluid 
influx) and the observed major metamorphic assemblage at 
550 °C is taken (50 % garnet, 35 % omphacite, 10 % quartz 
and 5 % rutile), the δ18O of the metamorphic minerals can 
be calculated. In the modelled eclogite, garnet would have 
a δ18O of 5.1  ‰ and metamorphic zircon 5.2  ‰, as the 
major phases diopside, omphacite and garnet do not frac-
tionate oxygen in a significant way (oxygen fractiona-
tion factors from Zheng 1991, 1993b). In the modelling, 
diopside is used for omphacite as no specific oxygen frac-
tionation factors exist for Na-pyroxene. In other words, the 
transition from a plagioclase +  diopside (modelled δ18O 
of 5.9 and 5.5 ‰, respectively) dominated assemblage to 
a garnet + omphacite assemblage would shift the δ18O of 
the major metamorphic minerals to slightly lighter oxygen, 
which is compensated by quartz that has a heavier oxygen 
composition than most Fe–Mg silicates. Importantly, no 
significant variation in δ18O between magmatic and met-
amorphic zircon would occur during metamorphism in a 
closed system. The coexisting metamorphic garnet would 
have δ18O values between 4.5 and 6 ‰, allowing for some 
variation due to growth temperature and mineral modal 
abundances.
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Therefore the changes in oxygen isotopes of −2.5  ‰ 
observed from magmatic to metamorphic zircons (Fig.  3) 
must be due to metasomatism from external fluids. Such 
metasomatism could have occurred either during oceanic 
alteration, as documented in other Alpine ophiolites (Miller 
and Cartwright 2000), or during Alpine metamorphism, as 
argued by previous studies (Angiboust et al. 2011; Spandler 
et al. 2011; Angiboust et al. 2014). This shift in δ18O and 
the timing of metasomatism are best understood if the gar-
net data are considered.

Previous thermodynamic modelling of a NCKF-
MASHTO system, which best represents the Lago Superi-
ore unit eclogites, indicates that garnet starts to form dur-
ing prograde metamorphism at T ~ 500 °C and 2.2 GPa, 
slightly below peak subduction at ~550  °C and 2.4–2.7 
GPa (Groppo and Castelli 2010; Angiboust et al. 2012b). 
The preserved garnet cores in the samples from the ISZ 
(eclogite ISZ17 and MVE5 and vein MVV4) have δ18O 
between 2 and 4  ‰: these values are well below what 
expected for pristine mantle melts (5.5  ±  0.6  ‰, Eiler 
2001) and indicate that the garnet grew in samples that 
had already low δ18O values. Notably, garnet in eclogite 
MVE5, which has limited evidence of HP metasomatism 
described in other Lago Superiore samples (Angiboust 
et al. 2011; Spandler et al. 2011; Angiboust et al. 2014), 
also has a low δ18O. In this rock, garnet is the dominant 
phase and the bulk rock is expected to have a similarly 
low δ18O. Previous studies have  indeed demonstrated 
that in eclogites garnet is less than 0.5 ‰ lighter than the 
bulk rock (Putlitz et al. 2000). The measured δ18O values 
of the garnet in the ISZ samples are in agreement with 
δ18O values of 3–5.3  ‰ from omphacite in metagabbro 
and HP veins of the same sequence (Nadeau et al. 1993). 
We propose that this pervasive metasomatism occurred by 
fluid–rock interaction at relatively high temperature at the 
ocean floor.

The bulk-rock δ18O profile across the Oman ophiolite 
shows that while at the surface pillow basalts have elevated 
δ18O, further at depth (4–5  km) the altered mafic rocks 
(gabbros) can reach values as low as ~3  ‰ due to high-
temperature alteration with limited fluid/rock ratios (Greg-
ory and Taylor 1981). Oxygen isotopic compositions below 
mantle values have also been reported in gabbros within 
the other ophiolitic sequences (4–8 ‰, Miller et al. 2001). 
We thus concur with previous interpretations (Nadeau et al. 
1993) that the Fe–Ti metagabbros in the Monviso ophiolite 
obtained their low δ18O during oceanic alteration at depth. 
Oceanic alteration may be expected to produce hydration 
in the protolith and subsequently eclogite that contains 
hydrous phases. Sample MVV5 only has traces of phengite 
(<1 %), but elsewhere along the ISZ eclogites are richer in 
hydrous minerals (e.g. Passo Gallarino sector, Angiboust 
et al. 2012b).

The alternative scenario that the low bulk δ18O of the 
Monviso metagabbros was caused by prograde fluids dur-
ing subduction is less likely. The source for such low δ18O 
fluid would be other portions of altered oceanic basalts/
gabbros or serpentinites, as documented by previous stud-
ies (Spandler et al. 2011; Angiboust et al. 2014). However, 
the minimum δ18O of serpentinites is 3  ‰ (Gregory and 
Taylor 1981; Miller et  al. 2002) and prograde alteration 
would require an unlikely total replacement of the oxygen 
in the eclogite to produce a bulk as low as 3 ‰. Therefore, 
we ascribe the low δ18O of the Monviso eclogite to oceanic 
alteration of the gabbros.

High‑pressure metasomatism

The oxygen data on zircon and garnet provide constraints 
for two metasomatic events that occurred at eclogite facies: 
the vein formation and the fluid flux in the lower shear 
zone.

The identical δ18O values measured in garnet from vein 
MVV4 and eclogite MVE5 (Fig. 5) are in agreement with 
the omphacite data of Nadeau et  al. (1993) and support 
their conclusion that the vein formed by circulation of flu-
ids that were equilibrated with the surrounding eclogites. 
The very slight shift in δ18O between garnet core and rim 
measured in mylonitic eclogite ISZ17 could be simply due 
to local fractionation of oxygen or slight temperature and 
mineral mode variations between different stages of garnet 
growth. Such variation in oxygen isotopic composition at 
the outcrop scale was also reported for omphacite (Nadeau 
et al. 1993) and used to argue that complete homogeniza-
tion at eclogite facies did not occur. The oxygen data are in 
line with some of the fluids being sourced from the serpen-
tinites, as proposed by Spandler et al. (2011). In fact, flu-
ids in equilibrium with the measured antigorite (3–3.6 ‰) 
would precipitate garnet with δ18O around 2–3  ‰ at 
~600 °C (serpentine–water fractionation factors from Wen-
ner 1979; Zheng 1993a).

The HP zircons found in the vein have δ18O values that 
are slightly more variable (1.6–3.6  ‰) but largely over-
lapping with the garnets in veins and eclogites (2–3.8 ‰) 
in the area. Zircon–garnet oxygen fractionation at 500–
600 °C—from first garnet growth to peak metamorphism—
is irrelevant (between 0.0 and 0.2  ‰ using fractionation 
factors from Zheng 1993b; Valley et  al. 2003), and thus 
no significant difference in δ18O is expected between these 
two minerals at equilibrium. The age of metamorphic zir-
con in MVV4 (46 ±  1  Ma, Rubatto and Hermann 2003) 
constrains the Eocene vein formation.

Garnet in sample LSZ23 shows a more complex meta-
somatic history. As described in detail in Angiboust et  al. 
(2011), the garnet core that first formed in the Monviso 
eclogites was fractured and partly recrystallized in a later 
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stage, during prograde to peak metamorphism. The garnet 
rim formed close to the pressure peak followed by breccia-
tion and dynamic recrystallization of omphacite and law-
sonite in the matrix. The garnet core has remarkably low 
δ18O values of 0.2–2.0  ‰. The main difference between 
LSZ23 eclogite and the eclogites from the ISZ is the pres-
ence of Mg-rich chlorite. At 550 °C, chlorite oxygen com-
position would be 1 ‰ heavier than garnet, but the sample 
only contains ~ 5 % chlorite and thus the bulk is still domi-
nated by garnet and omphacite (together 90 % of the bulk). 
These particularly low values in garnet are more likely due 
to some extreme alteration at the ocean floor, and possi-
bly aggravated by alteration and interaction with serpent-
inite fluids during early metamorphism, as observed in the 
Corsican ophiolites (Miller and Cartwright 2000). These 
are the lowest δ18O values ever measured in metamorphic 
garnet in mafic rocks from the oceanic crust. Negative δ18O 
values (−10 to −1 ‰) have been reported only for eclog-
itic garnet within continental crust, where they are attrib-
uted to infiltration of meteoric or glacial water (Masago 
et al. 2003; Russell et al. 2013).

Particularly interesting is the shift to heavier oxygen 
from garnet core to garnet rim. A shift of >3  ‰ cannot 
be produced by temperature and/or change in assemblage 
as none of these factors changed significantly from the 
first appearance of garnet to peak rim growth (Angiboust 
et al. 2011). A new metasomatic event must have occurred 
at this point, close to peak subduction. Although no zir-
con could be recovered from sample LSZ23, metamor-
phic zircon rims in nearby eclogite LSZ44 have δ18O val-
ues (1.9–3.8 ‰) that are generally higher than the garnet 
core but lower than the garnet rim in LSZ23. Formation of 
metamorphic zircon is likely to be facilitated by fluids and 
deformation, and thus the 45.8 ± 0.7 Ma zircon rims in the 
shear zone most likely formed during mylonitization and 
metasomatism within the LSZ. By extrapolating the zircon 
data from sample LSZ44 to LSZ23, it can be suggested that 
this second metasomatic event occurred close in time to the 
growth of zircon at ~46 Ma.

Such strong zoning in oxygen isotopes within garnet or 
any other metamorphic mineral has been rarely observed 
(Vielzeuf et al. 2005; Errico et al. 2013; Russell et al. 2013; 
Martin et al. 2014; Page et al. 2014) and in most cases in 
eclogite-facies samples. The marked difference in δ18O 
between garnet core and rim agrees with other studies 
showing that at temperatures <600  °C diffusion of oxy-
gen isotopes in garnet is insignificant over geological time 
scales (Vielzeuf et  al. 2005; Russell et  al. 2013; Martin 
et al. 2014; Page et al. 2014). The evolution of the Monviso 
eclogite with multiple metasomatic events due to oceanic 
alteration and high-pressure fluids is similar to what has 
been proposed for mafic rocks within the Franciscan Com-
plex (Page et al. 2014). Also in that case garnet and zircons 

proved to be exceptional recorders of the fluid evolution 
with two stages of growth with distinct δ18O.

Fluid sources

Serpentinites have often been suggested as source of flu-
ids responsible for metasomatism during subduction 
because they have the capacity to liberate large amounts of 
water upon dehydration at depth. Antigorite dehydrates at 
~600–800 °C between 2 and 5 GPa (Ulmer and Tromms-
dorff 1995), where it liberates part of its 14 wt  % struc-
tural water. Evidence provided by oxygen and other light 
isotopes and trace element geochemistry support this sce-
nario for Alpine eclogites (Spandler et al. 2011; Angiboust 
et al. 2014; Martin et al. 2014). The strong Ni, Cr and Mg 
enrichment visible in mineral and bulk-rock compositions 
(Spandler et al. 2011; Angiboust et al. 2014) clearly shows 
that serpentinite-derived fluids were present during meta-
somatism within the Monviso eclogite-facies shear zones. 
However, our results cannot be explained by pure serpen-
tinite-derived fluids. Garnet rim in metasomatized eclogite 
LSZ23 is in equilibrium with water with a δ18O of 6.5–9 ‰, 
and thus the fluid source must be isotopically heavier than 
the serpentinites. The Monviso serpentinites have low 
δ18O of 3.0–3.6 ‰ (Fig. 8). At temperatures of garnet rim 
growth (550  °C), fluids released from such serpentinites 
would have a δ18O of around 4.6–5.9 ‰ depending on the 
serpentine–water fractionation factor used (Wenner and 
Taylor 1971; Zheng 1993a). At higher temperatures, closer 
to the antigorite dehydration reaction, released fluids would 
be even lighter in oxygen isotope composition. Thus fluids 
from serpentinites would be too light in oxygen isotopes 
to produce the shift from garnet core to rim (0.2–2.0 to 
3.5–6.0 ‰).

In the Lago Superiore Unit sequence, the only rocks 
with a sufficiently heavy oxygen isotopic signature are 
metasediments. Whereas no bulk-rock data exist for the 
Monviso sediments, sediments from other units of sub-
ducted oceanic crust that outcrop along the Alpine belt 
have δ18O in the range 14–26 ‰ (Miller et al. 2001; Cook-
Kollars et  al. 2014) with coexisting water having δ18O of 
9–16 ‰ (Bebout and Barton 1989). We thus propose that 
partial metasomatism from such heavy fluids, close to the 
peak of metamorphism, was responsible for the shift in 
oxygen recorded in LSZ23 garnet.

Other indications that sediment-derived fluids contrib-
uted to the metasomatic event reported in the LSZ are given 
in Angiboust et al. (2014). Eclogite samples from the LSZ, 
including LSZ23 and LSZ44, are enriched in Cs, Rb and 
Ba with respect to ISZ metagabbros and the serpentinite 
sole. These elements are comparatively water soluble and 
abundant in metasediments (see Global Subducting Sedi-
ments in Plank and Langmuir 1998).
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Sediments are capable of transporting significant 
amounts of water to great depth (Hermann and Rubatto 
2014), but also liberate 80  % of their water at fore-arc 
depths (<4 GPa) either by pore water expulsion during 
compaction, or at mantle depth by dehydration (Schmidt 
and Poli 1998; Hacker 2008). The modelling of Angiboust 
and Agard (2010) for a pelite subducted along the cold 
Alpine geotherm (350–650 °C from 1.0 to 3.0 GPa) shows 
that Alpine metasediments lost ~3 wt% water at tempera-
tures of 450–600 °C when the modal proportion of garnet 
increased substantially (see also calculations by Baxter and 
Caddick 2013). This modelling provides further evidence 
that the nearby dehydrating metasediments probably con-
tributed to the significant metasomatism observed along the 
LSZ.

Metasomatism by sediment-derived fluids has been 
extensively documented in the Catalina Schists (Bebout 
and Barton 1989), a terrane that is particularly rich in 
metasediments and where the pillow basalts show ample 
evidence of deep sea floor alteration. More cryptic inter-
action with sediment-derived fluids during subduction has 
been proposed for the eclogitic blocks within the Francis-
can Complex, which also contain garnet domains enriched 
in δ18O (Errico et al. 2013). Localized interaction of fluids 
derived from metasediments with serpentinites has been 
postulated for the Zermatt-Saas ophiolite on the basis of Cl 
isotopes (Selverstone and Sharp 2013). In these reported 
cases, the mafic rocks are hosted within a sedimentary-rich 
matrix. In the Monviso Lago Superiore Unit however, the 
relative scarcity of metasediments along the LSZ (2–3 % 
metasediments, 90  % serpentinite, 7–8  % mafics; Lom-
bardo et  al. 1978; Angiboust et  al. 2011; Balestro et  al. 
2013) implies that local dehydration of metasediments 
cannot account for pervasive metasomatism. Instead meta-
somatism occurred at the loci of fluid concentration along 
major fluid channels such as the LSZ (Angiboust et  al. 
2014) where fluids from the dehydrating oceanic litho-
sphere (namely sediments and serpentinite) were mixed 
during subduction.

Conclusions and implications for subduction 
processes

The P–T–time–fluid path reconstructed here for the Lago 
Superiore metagabbros reveals that the nature of fluid–rock 
interaction during burial of oceanic lithosphere is complex 
and probably comprises multiple, discrete stages involving 
both sediment-derived and serpentinite-derived fluids. Such 
multistage evolution is best captured at the mineral scale 
using diverse geochemical indicators. Oxygen isotopes, 
trace element geochemistry (Spandler et  al. 2011) and B 
isotopes (Angiboust et  al. 2014) point to the existence of 

multiple fluid–rock interaction events from the ocean floor 
to deep subduction. Gabbros acquired light oxygen isotopic 
signatures by hydrothermal alteration at relatively high 
temperature in the oceanic crust. The first metamorphic 
minerals to form (e.g. garnet core) inherit such low δ18O. 
At high pressure, fluid pulses are channelized within shear 
zones along lithostratigraphic boundaries such as the LSZ. 
The channelization may allow minor sediment-derived flu-
ids to be sufficiently concentrated to produce metasoma-
tism that leaves a distinct heavy δ18O signature and enrich-
ment of LILE (Angiboust et  al. 2014). In such an altered 
oceanic sequence, interaction during subduction with fluids 
generated from serpentinite dehydration with low δ18O will 
not significantly shift the oxygen isotopes and is best inves-
tigated by mineral trace elements or alternative isotopic 
systems (Spandler et al. 2011; Angiboust et al. 2014).

Our geochronological investigations yielded identical 
ages of 45–46 Ma, for both ISZ eclogites and LSZ metaso-
matized eclogites. These new data combined with textural 
arguments show that (1) mylonitization along the ISZ, (2) 
brecciation of ISZ metagabbros, and (3) formation of the 
metasomatic rinds along LSZ blocks likely took place in 
a time frame shorter than 1 million years. These results, 
together with recent observations by Dragovic et al. (2012) 
and John et al. (2012), confirm that fluid–rock interaction 
in subduction zones can take place over relatively short 
periods of time of 103–105 years.
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